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ABSTRACT
Gordon, E l iz a b e th  A . ,  M .S . ,  Summer, 1979 Geology
Petrology and Field Relations of Some Precambrian Metasedimentary 
and Metaigneous Rocks West o f Twin Bridges, Southwestern Montana.
Director: Donald W. Hyndman (90 p .)
Precambrian para- and ortho-gneisses in the southern Highland 
Mountains o f southwestern Montana consist of variable lith o lo g ie s ,  
including two major un its , quartzofeldspathic gneiss in the east 
and g a rn e t-b io t ite -q u a rtz -p lagioclase gneiss in the west, and 
several minor l i th o lo g ie s ,  including mafic and ultramafic rocks.
In the study area (Twin Bridges 15' Quadrangle, Montana, T. 3 S .,
R. 7W. , sections 16, 17, 20, 21 , 28, and 29) these rocks are 
mutually concordant and crop out primarily along the western limb 
of a large , southwest-plunging fo ld , the Rochester anti form.
Paragneisses are dominant and include quartzofeldspathic gneiss, 
orthoc lase-s i11im an ite -g arnet-b io tite -quartz -p lagioclase gneiss, 
marble, magnetite-quartz gneiss, and g a rn et-b io tite -q u artz -p lagio- 
clase gneiss. C rite r ia  suggesting a metasedimentary origin for these 
rocks includes ( 1 ) the presence of si 11imanite and abundance of 
b io t i te  indicating high Al-contents, (2) irre g u la r , compositionally 
variable layers ranging from a few centimeters to several meters 
th ic k , (3) the association of rocks with marble and magnetite-quartz 
gneiss, and in terlayering  with c a lc -s i l ic a te  layers which are of 
undoubted metasedimentary o r ig in , (4) the presence of quartz pebbles 
in g a rn e t-b io tite -q u a rtz -p lagioclase gneiss, and (5) the presence 
o f low-angle, truncated layers which resemble r e l ic t  crossbeds in 
the quartzofeldspathic gneiss.
Orthogneisses in ter layer  discontinuously with the other units and 
include, metabasite, amphibolite, hornblende-plagioclase gneiss, 
metamorphosed ultramafic rock, and (?) anthophyllite gneiss. C r ite r ia  
suggesting an igneous orig in fo r these rocks includes ( 1 ) overall
mafic mineral composition, (2 ) general lack of quartz in otherwise
quartz-r ich  gneisses, (3) presence of r e l ic t  augite phenocrysts in 
metabasite and r e l ic t  ensta tite  in metamorphosed ultramafic rock,
(4) presence o f euhedral, well-twinned, calcic (Angg.^Q) plagioclase 
in amphibolites and hornblende-plagioclase gneiss, and (5) lack of 
layers.
The presence o f p e rth ite ,  a n t ip e rth ite , s i l l im a n ite ,  orthoclase and 
anthophyllite  indicate metamorphism prograded to the si 11imanite- 
orthoclase zone of the upper amphibolite facies. The lack of primary 
muscovite and lack of orthopyroxene in mafic rocks indicates meta-
mo rphic grade did not reach the granulite facies.
i i
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CHAPTER I 
INTRODUCTION
Precambrian metamorphic rocks in southwestern Montana are w e ll-  
studied in the Tobacco Root, Ruby, Gravelly, and Madison Ranges. An 
understanding of Precambrian history and tectonics is developing 
through compilation of small studies done in each of these areas.
L i t t l e  work, however, has been done on the Precambrian metamorphic 
rocks in the Highland Mountains. The purpose o f th is  study was several 
fo ld . F irs t ,  I have tr ie d  to determine the origin of gneisses in the 
Highland Mountains by studying th e ir  detailed petrology and f ie ld  
relationships. A fter a preliminary reconnaissance, this study area 
was chosen because of i ts  good rock exposure allowing for detailed  
f ie ld  work, and because i t  exposes the boundary of two major, extensive 
rock types with a th in , intervening 1itho log ica lly  variable unit. My 
second purpose was to try  to determine the origin of this unit. Third, 
I have compared gneisses in the study area to Precambrian metamorphic 
rocks in nearby mountain ranges.
Location
The study area is roughly 3 miles west of Twin Bridges, Montana 
in T. 3 S. , R. 7 W., sections 16, 17, 20, 21 , 28 and 29 of the Twin 
Bridges 15' Quadrangle (Fig. 1). Route 285 crosses the southern part 
o f the area.
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Figure 1. Index map showing some Precambrian outcrops in southwestern Montana. Shaded portion 
is study area location in the Twin Bridges 15* Quadrangle.
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Previous Work
In 1939, Sahinen made a reconnaissance map of rocks in the 
Highland Mountains emphasizing mineralization in the Rochester and 
S ilv e r  Star D is tr ic ts .  Later, Duncan (1976) described general rock 
l itho lo g ies  and made a structural analysis o f the Precambrian meta­
morphic rocks. No other detailed work has been done on the Pre­
cambrian rocks in the Highlands although some l i te ra tu re  is available  
on the ore d is tr ic ts .
CHAPTER I I  
FIELD AND PETROGRAPHIC DESCRIPTIONS
Metamorphic rocks in the southern Highland Mountains crop out 
along the nose and western limb of a large southwest-plunging fo ld ,  
the Rochester Anti form (Duncan, 1976, p. 1). These rocks consist 
of two major l i th o lo g ie s , quartzofeldspathic gneiss and garnet- 
b io ti te -quartz-p l agi ocl ase gneiss (b io tite -g arn e t gneiss), and 
several minor l ith o lo g ie s , metabasite, amphibolite, hornblende- 
plagioclase gneiss, orthoclase-si11imani t e - g a rn e t-b io t ite -p lagio- 
clase-quartz gneiss (s il l im an ite -garnet gneiss), quartz-garnet- 
an tho phy llite -p lagioclase gneiss (anthophyllite gneiss), marble, 
magnetite-quartz gneiss, and metamorphosed ultramafic rock. All 
metamorphic rock units were involved in a Precambrian high-grade 
regional metamorphic event. Because these units are mutually con­
cordant, showing no intrusive or otherwise discordant relationships, 
rock descriptions are categorized under para- and orthogneiss 
headings according to my in terpretation  of the original parent rock 
type. Characteristics l is te d  at the end of each unit description 
support my in terpretations.
Igneous rocks intruded the Precambrian gneisses several times 
since the major metamorphic event. These are discussed b r ie f ly  at 
the end of the chapter to help in terpre t the post-metamorphic 
geochronology of the area.
Paragneisses
Quartzofeldspathic gneiss. Underlying the eastern portion of 
the study area is a fine-grained gneiss composed ch iefly  of quartz 
and feldspar, with up to 16 percent mafic constituents (see map).
The gneiss has layers p a ra lle l to fo l ia t io n .  They are discon­
tinuous and ir re g u la r  in width ranging from a few centimeters to 
several meters th ick. Layers vary in composition, both la te ra l ly  
and across the layers, from re la t iv e ly  mafic-rich to mafic-free rocks, 
In thin section, mafic-poor quartz-feldspar rocks are generally fine-  
to medium-grained, only s l ig h t ly  fo l ia te d ,  and composed of re­
c ry s ta ll iz e d , anhedral quartz, subhedral plagioclase, and potassium 
feldspar with trace amounts of b io t i t e ,  c h lo r ite ,  ap atite , a l la n ite ,  
and zircon. On the other hand, rocks from mafic-rich layers range 
from fine-grained equigranular to inequigranular. Foliation is more 
prominent in these layers due to paralle lism  of b io t ite  and ch lorite  
flakes. Quartz is commonly strained.
S e r ic it iz e d , sheared zones occur in the gneiss also parallel 
to the fo l ia t io n ,  and, quartzofeldspathic gneiss has other 
characteristics indicating intense shearing including,
1 . the presence of large microcline augen (1 cm to 12 cm 
diameter);
2 . an abundance o f small, is o c l in a l ,  and in t ra fo l ia l  folds; and
3. the presence o f bent, stretched layers deformed by 
transpositional shear (Fig. 2).
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Figure 2. Transposed layering In quartzofeldspathic gneiss.
The majority o f small, isoclinal folds formed as a result of  
intense shearing during high-grade regional metamorphism (Fig. 3a) 
(Duncan, 1976). However, some small folds in the quartzofeldspathic 
gneiss may have a d if fe re n t  orig in . Soft-sediment deformation 
structures resembling some folds in the study area occur in non­
metamorphosed rocks of the Wood Canyon Formation in the Last Chance 
Range in eastern C aliforn ia  (J. Moore, verbal communication,
1979). Figure 3b shows a sketch of one of these folds. Saleeby and 
others (1976) describe structures s im ilar to these in high-grade meta­
morphic terranes o f the Sierra Nevada. They in terpret these structures 
as soft-sediment deformation features.
I believe some folds in the quartzofeldspathic gneiss, o rig ina lly  
interpreted as transposition features may also be soft-sediment in 
orig in .
In three places with NE 1 /4 , SW 1 /4 , SW 1 /4 , section 16 I 
observed th in ,  sharply truncated layers lying at angles to the regional 
fo l ia t io n  and layering (Fig. 4 ) . These layers are consistently  
truncated to the west, the s tru c tu ra lly  higher direction. In in terpret  
them as r e l ic t  sedimentary crossbeds and find that they d i f fe r  from 
transposed layers in that ( 1 ) the crossbeds are sharply truncated on 
one edge and taper smoothly into the adjacent layers on the other 
edge, and (2 ) nowhere do the truncated crossbeds resume on the 
opposite side of the truncating layer.
cm
Figure 3a. Isoclinal folds i„ 
formed by shearing. guartzofeldspathic gneiss
njure 3b. Iruncted
Cnyon U s , c u „ „  »
cm
Figure 4. R e lic t  crossbeds in quartzofeldspathic 
gneiss.
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I f  my in terpretation that these are r e l ic t  crossbeds is correct, 
and i f  isoclinal folding has not overturned these layers, s t r a t i ­
graphie younging is to the west in the study area.
The following mineral species and textures summarize thin-section  
study of quartzofeldspathic gneiss. Equilibrium assemblages and 
average rock composition are plotted on an ACFK diagram on p. 70. 
Estimated modal analyses from mineral point counts are given in 
Table 1 and major oxide percentages calculated from chemical analyses 
(Appendix 1) are presented in Table 2. Average modal analyses are 
presented in Table 3.
Quartz. Quartz forms anhedral, undulose, commonly sutured 
grains. I t  also occurs as po ik ilob lastic  inclusions in feldspars, 
as in t e r s t i t ia l  f i l l i n g  between grains, and as stretched, segmented 
coarse f i l l in g s  in shear zones. Recrystallized quartz grains are 
oriented; some show t r ip le  junctions.
Plagioclase. Plagioclase is the dominant constituent in most 
quartzofeldspathic gneisses, ranging in composition from Angg to Angg.* 
Grains are sub- to anhedral and generally granoblastic. A few 
plagioclase porphyroblasts ex is t;  however, most porphyroblasts are 
microcline. Some plagioclase grains are twinned, others show diffuse  
zoning. Many contain quartz inclusions. Microperthite occurs in 
most slides although i t  constitutes less than 2 percent of the total 
rock volume. The degree of plagioclase s e r ic it iza t io n  ranges from 
8 percent to nearly 95 percent in extremely altered, sheared rocks.
*methods used include Carlsbad-Albite, yA (010), X 'A (010) on a, 
r e l i e f ,  and optic sign, from Troger (1979, p. 120-139).
n
Table 1. Estimated modal analyses from mineral point-counts 
for quartzofeldspathic gneiss samples.
65-la 136-2 137-2a 89-5 158-5a
Quartz 27% 25% 30% 45% 18%
Plagioclase 59 42 44 35 54
Potassium Feldspar 9 22 25 13 10
B io t ite 1 2 4 5 15
Chlori te 4 8 3 2 3
Iron-oxide 1 1 t r t r t r
A llan ite — — t r ------- t r - —
Apati te t r t r ------- t r —
Zi rcon t r t r ------- t r t r
Rutile t r - — ------- t r —
No. o f counts 660 559 461 858 732
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Table 2. Major oxide percentages for quartzofeldspathic gneiss 
and s il l im an ite -garnet gneiss (16) calculated from 
chemical analyses in Appendix 1.
Sample # 19 21 23 24 25 28 Avg.** 16
*SiOg 77.48% 77.07% 50.51% 70.88% 63.75% 74.39% 72.71% 73.11
TiOg 0.27 0.24 0.26 0.41 0.64 0.41 0.39 0.76
AI2O3 11.86 12.48 11.51 14.82 18.71 13.84 14.34 12.26
FeO 1.47 1.27 6.32 0.73 0.81 1.81 1.22 6.87
MnO 0.04 0.03 0.17 0.01 0.02 0.03 0.03 0.17
MgO 1.62 1.35 14.79 9.97 11.19 1.51 5.13 1.89
CaO 1.89 1.70 15.14 0.06 0.42 3.09 1.43 2.58
NagO 2.29 2.89 0.69 0.14 0.32 3.79 1.89 1.58
KgO 3.08 2.97 0.70 2.98 4.14 1.13 2.86 0.78
*Rock samples were not analyzed fo r s i l ic a  therefore S i02 values
represent approximate Si 02-contents obtained by subtracting the sum 
of the other components l is te d  from 100%.
**Average values for quartzofeldspathic gneiss exclude sample #23.
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Table 3. Average modal analyses of (1) quartzofeldspathic gneiss,
(2) s il l im an ite -garnet gneiss, and (3) garnet-b io tite  gneiss.
Quartz range:
average
Plagioclase range:
average
Potassium range:
Feldspar average
B io t ite  range:
average
Chlorite
Seri ci te
Garnet
S ill im an ite
A lla n ite
Apati te
Sphene
Rutile
Zircon
Iron-oxide
1
20 -  50% 
35%
40 -  60% 
50%
3 0 - 6 0  1 5 - 3 0
45 (An^g-An^g) 25 (An^g)
0 -  25 
4
0 -  16 
4
3
2
t r
t r
t r
t r
t r
t r
0 - 8
5
1 -  25 
10
1-2
2
8 - 1 2  
1 -  4
t r
t r
t r
1
10 -  42%
20%
20 -  55
38 (An2g""Angg)
1 -  20
8
1 2 - 3 5
25
1-2
3
1 -  4 
t r  
t r  
t r  
t r  
t r  
t r  
1
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Potassium Feldspar. Both microcline and orthoclase ex ist in the 
quartzofeldspathic gneiss. Microcline forms augen up to 12 cm in 
diameter, averaging 3 to 6 cm, and occurs in t e r s t i t i a l l y  between 
quartz and plagioclase grains. Orthoclase generally forms ir re g u la r ,  
anhedral grains adjacent to quartz in sheared zones. Like microcline, 
i t  may form in t e r s t i t ia l  f i l l i n g  between quartz and plagioclase grains. 
Orthoclase occurs in plagioclase as patch, s tr in g , and bleb perthites. 
Antiperth ite  also exists but is less common.
B io t i te . Brown b io t i te  flakes are scattered through most of the 
rock. In fe ls ic  rocks b io t i te  contributes less than 2 percent o f the 
to ta l rock volume whereas more mafic rocks contain up to 16 percent 
b io t i te  and ch lor ite  (the la t te r  altered from b io t i te ) .  Mica flakes,
0.25 - 1 mm, define fo l ia t io n  and layering in the gneiss.
Muscovite. Primary muscovite is absent from the quartzofeldspathic 
gneisses although s e r ic i te occurs commonly as an a ltera tio n  product 
from feldspar.
C h lo rite . Chlorite flakes are more abundant than b io t i te  in many 
rocks. Increasing a lte ra tio n  of b io t i te  to ch lorite  tov/ards shear 
zones suggests the la t t e r  formed in the presence of water during re tro ­
grade metamorphism. This in terpretation is supported by rims of 
c h lo r ite  around b io t i te  flakes indicating a reaction process.
Trace minerals. Magnetite, a mineral in most rocks, lo ca lly  
constitutes up to 1.5 percent of the quartzofeldspathic gneiss.
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Where i t  is so abundant, magnetite forms layers o f sub- to euhedral 
grains associated with micas and zircon. Hematite is much less 
common. In some cases i t  is an a lteration  product of magnetite. 
Apatite is ubiquitous, forming rounded, broken, and fractured grains 
up to 1 mm long. Zircons are also rounded. Rutile occurs as tiny  
needles in quartz grains and as a byproduct of a lteration  of b io t i te  
to ch lor ite . A few broken, corroded a l la n ite  grains up to 1.5 mm 
long were noted. These produced pleochroic halos in surrounding 
b io t i te .
The orig in o f quartzofeldspathic gneiss is unclear. Other Pre- 
cambrian quartzofeldspathic terranes require such parent rock types 
as gran itic  igneous, fe ls ic  volcanic m ateria l, graywacke or arkosic 
sediments. Although each of these possible sources explains the bulk 
composition of rocks in the study area, the following c r i te r ia  suggest 
that at least part of the quartzofeldspathic gneiss in the present 
area has a sedimentary orig in .
1. on the outcrop scale the gneiss shows discontinuous, 
irreg u lar  layering which varies in composition both 
lay era lly  and across the layers. Irregu lar compositional 
layering suggests original sedimentary bedding.
Compositional layers created by metamorphic d if fe re n tia t io n ,  
on the other hand, are more even in thickness and do not 
vary compositionally within an individual layer  
(Mehnert, jj% Barth, 1962, p. 359; Hyndman, 1972; Kretz, in̂  
Hyndman 1972, p. 290);
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2 . amphibolites consistently occur as lenses along s tr ike  
in the quartzofeldspathic gneiss. Research by others 
(Friberg, 1976; B ielak, 1978) suggests amphibolites 
s im ila r  to those in the study area may be mafic flows 
(see p. 53);
3. The presence of features that I in te rpre t as r e l ic t  
crossbeds.
The p o s s ib il ity  o f an igneous or volcanic parentage fo r quartzo­
feldspathic gneisses in the study area should not be ignored. Tarney 
(1976) has researched chemical aspects o f quartzofeldspathic gneisses 
in Scotland and Greenland and suggests the ra tio  of SiO^ to TiOg 
is related to igneous versus sedimentary parentage of these rocks. 
Numerous chemical analyses are needed to define a scatter representa­
t iv e  of gneisses in a given area. Because only f iv e  samples were 
analyzed chemically in the present study area and because these were 
not analyzed d irec tly  for s i l ic a  I am unable to use Tarney's work for  
in terpreta tion .
S illim anite-garnet gneiss. S il l im a n it e - garnet gneiss is easily  
recognized in the f ie ld  by i ts  d is tin c tiv e  spotted appearance caused 
by abundant garnet porphyroblasts. Porphyroblasts are generally 
equal size (0.25 to 4 cm) and approximately equally-spaced within  
w ell-defined layers. Layers, defined by mafic constituents, vary in 
width from 5 to 30 cm, and change compositional la te ra l ly .  In some
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places, s il l im an ite -g arn et gneiss contains very l i t t l e  mafic con­
stituents (less than 8%), and except fo r i ts  coarse-grained 
character, is d i f f i c u l t  to distinguish from quartzofeldspathic gneiss. 
More commonly b io tite -g a rn e t, and opaque minerals constitute up to 
25 to 40 percent of the to ta l rock volume. The abundance of garnet 
and b io t i te  suggests higher iron and higher aluminum contents for this  
unit than for quartzofeldspathic gneiss. Chemical analysis of one 
s il l im an ite -g arnet gneiss sample indicates the unit is high in iron 
(Table 2) although the aluminum content o f th is sample compares with 
the aluminum-contents of quartzofeldspathic gneiss samples. The 
s il l im an ite -g arnet gneiss sample analyzed may not be representative  
of the whole un it.
Another distinguishing characteristic  of s il lim anite -garnet  
gneiss is i ts  in terlayering  with several other rock types, including 
marble, anthophyllite gneiss, and magnetite-quartz gneiss. These 
four rock types crop out exclusively in a narrow band, the anthophyl­
l i t e ,  s i l l im a n ite  u n it , discussed below.
Thin-section study of s il l im an ite -g ranet gneiss indicates the 
following mineralogy and textures.
Garnets form porphyroblasts that are extremely po ik ilob lastic  
or sieve-textured with inclusions of recrys ta ll ized  quartz, local 
b io t i t e ,  and retrograde ch lor ite . Sieve textures occur only in the 
center o f the porphyroblasts whereas the edges o f the garnet pinching
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into the fo l ia t io n  remain clean (Plate la ) .  This suggests rate of 
garnet growth varied during metamorphism: rapid growth of cores
followed by slower growth of the rims. Rotated, h e l ic i t ic  garnets 
indicate shearing occurred during and a f te r  mineral growth (Plate lb ) .
S ill im an ite  occurs in pods mostly altered to s e r ic i te ,  as needles 
in quartz, and as crystals intergrown with corroded b io t i te  flakes 
and magnetite. Locally, well-formed s il l im a n ite  and b io t i te  grains 
ex is t in mutual contact without corrosion textures indicating that  
these minerals are in equilibrium with each other.
B io t ite  flakes define rock fo l ia t io n .  They vary in concentration 
from 2 to 25 percent in d i ffe re n t layers, and where abundant, impart 
a dark brown to grayish color in handspecimen. Thin sections reveal 
many b io t i te  flakes are corroded and intergrown with s il l im a n ite  
and magnetite (Plate Ic ) .  This may suggest that s i l l im a n ite  grew from 
b io t i te  during prograde metamorphism.
Plagioclase, orthoclase, and quartz constitute most of the gneiss. 
They form fine to coarse, strained, inequigranular grains in some cases 
creating a granoblastic texture. Foliated textures occur where fe ls ic  
grains are stretched-out and intergrown with b io t i te .  Quartz and 
orthoclase, in p a rt ic u la r ,  form coarse, elongate strings para lle l to 
fo l ia t io n  commonly along shear zones.
A few muscovite flakes ex is t in the s illim anite -garnet gneiss.
They are isolated from quartz and ch arac te r is tica lly  surrounded by 
plagioclase and garnet. Presumably th is iso lation  prevented muscovite 
from reacting with quartz to form s il l im a n ite .
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Plate 1. a. Sieve-textured garnet porphyroblast 
showing inclusion-free edges.
b. Helecitic garnet with curved in ­
clusions indicating rotation of  
porphyroblast.
c. Intergrown s il l im an ite  b io t i te  (b ) ,  
sillim anite  (s ) ,  and magnetite (m) in 
sillimanite-garnet gneiss.
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Trace minerals include anhedral, broken apatite grains, rounded 
zircons, and subhedral to stretched magnetite. Magnetite is generally 
more abundant in b io t i te -r ic h  layers and in some cases concentrates 
at the boundary between b io t i t ic  and fe ls ic  layers.
Approximate modal analyses fo r s il lim anite -garnet gneiss are 
given in Table 3.
Although no r e l ic t  sedimentary features appeared in the s illim anite-  
garnet gneiss, the following characteristics suggest th is unit is 
metasedimentary, perhaps a meta-pelite:
1. the high-iron, high-aluminum content of the unit 
demonstrated by an abundance of b io t i t e ,  garnet 
and s il l im a n ite ;
2 . in terlayering  with marble and magnetite-quartz gneiss,
suggesting part o f this sequence was sedimentary (see
following pages for discussion);
3. the d istribution of magnetite in b io t i t ic  layers 
suggesting orig inal sedimentary heavy-mineral segregation.
Marble. A few, very small marble outcrops exist in the Highland 
metamorphic rocks (see map). These form thin lenses and one thick  
pod along s tr ik e  between the quartzofeldspathic and garnet-b io tite  
gneisses. The marbles are extremely weathered, medium to coarsely 
c ry s ta ll in e  rocks composed primarily of ca lc ite  with minor amounts 
o f si d e r ite ,  trem olite , and quartz. Post-metamorphic pegmatite dikes 
intrude at least one marble producing local ac tino li t ic  skarn.
22
The presence of s i l ic a te  minerals in the marbles suggests they 
formed from an impure, siliceous limestone. The d istr ibution  of 
marbles within a layer along s tr ik e  suggests the limestone may have 
been one thin unit that was stretched and boudinaged during defor­
mation, o r ,  each outcrop may represent an individual biological or 
chemical carbonate pocket deposited within quartzofeldspathic or 
p o l i t ic  sediments.
Anthophyllite gneiss. Anthophyllite gneisses occur as small 
lenses, up to 2 meters long, and rounded pods, up to 8 meters long, 
adjacent to or near marble units. D ifferent anthophyllite gneiss 
l itho logies occur in single outcrops. Lack of repetition of a 
lithology may not be real but re f le c t  general poor rock exposure. 
These lithologies include,
1 . extremely coarse-grained, brownish plagioclase- 
garnet-anthophyllite gneiss,
2 . coarse-grained, l ig h t-b lue  weathering garnet-plagioclase- 
anthophyllite gneiss,
3. very fine-gra ined, iron-oxide-bearing garnet-plagioclase- 
anthophyllite gneiss, and
4. iron-oxide bearing cummingtonite gneiss.
Anthophyllite gneisses are not w e l l- fo l ia te d  although some show
crude mineral orientation para lle l to regional fo l ia t io n .  Unlike the 
adjacent gneisses these rocks are f a i r ly  homogeneous and lack com­
positional layering.
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Thin sections show variable textures and mineralogies in 
d iffe re n t anthophyllite units. The coarse-grained rocks consist 
of coarse (0 .5 to 2 mm), bladed to acicular grains of anthophyllite  
with inclusions of quartz, garnet, and magnetite. Anthophyllite 
(o p tic a lly  positive, z / / c ,  X* = pale brown, Z' = colorless) and 
garnet constitute roughly 50 percent of the rock. They are intergrown 
and nearly unoriented, without well-developed rock fo l ia t io n .
Quartz and plagioclase grains are, for the most part, anhedral and 
in t e r s t i t ia l  to anthophyllite and garnet. Locally, quartz forms 
large, undulose, segmented grains para lle l to anthophyllite blades. 
Plagioclase generally lacks twins and zoning; many grains show undulose 
extinction. Large, broken apatite grains occur in clusters through 
the rock and iron-oxide exixts in trace amounts.
The finer-grained anthophyllite rocks contain abundant iron- 
oxide (8 to 10%). These minerals form elongate, sub to anhedral 
grains, roughly 0.25 mm in length, scattered throughout the rock. 
Anthophyllite grains less than 1 mm long, together with small abundant 
garnets, make-up 50 -  65 percent of the rock. Undulose quartz and 
nontwinned plagioclase are in t e r s t i t i a l .  Apatite is an accessory but 
again stands out because of i ts  large size and anhedral, broken form. 
Thin-section study of one rock type reveals the amphibole is cumming­
ton ite . This rock is medium-coarse-grained and nearly monomineralic, 
consisting of 94 percent cummingtonite and 2 percent iron-oxide, and 
traces of other constituents.
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Anthophyllite gneisses ex ist in both the Tobacco Root and 
Ruby Ranges (Heinrich, 1960; Burger, 1967; Cordua, 1973; Hanley, 1975). 
These seem to occur in with s ill im an ite -garnet gneisses, marbles, 
iron-formation (quartz-magnetite gneiss in this area), and amphi­
b o lite s , an association s im ilar to that described here. Cordua (1973) 
and Hanley (1975) c lassify  anthophyllite gneisses with other amphi­
bo lites . I chose to distinguish anthophyllite gneisses from 
amphibolites because in addition to the d iffe re n t species of amphibole, 
they d i f fe r  in the following ways,
1. anthophyllite gneisses are much less abundant than 
amphibolites,
2 . anthophyllite gneiss mineralogy varies more than 
amphibolite mineralogy;
3. plagioclase in the amphibolites in the study area tends to 
be twinned and zoned whereas plagioclase in anthophyllite  
gneiss is not.
The orig in  of anthophyllite gneiss is not well understood.
Based on chemical and trace-element analyses Burger (1967) suggested 
that anthophyllite gneisses in the Sheridan D is tr ic t  of the southern 
Tobacco Root Mountains are metamorphosed basic and ultrabasic rocks. 
Cordua (1973) and Hanley (1975) compare anthophyllite gneisses in the 
northern Tobacco Root Mountains with basalts. Winkler (1976) suggests 
that some anthophyllite gneisses form by metamorphism of ultramafic  
rocks in a high COg environment; however, others may develop from 
metamorphosed magnesium-rich sediments.
25
Impure marbles in the study area could easily  have provided a 
source of CO2 to nearby rocks during metamorphism. Anthophyllite 
gneisses are presently located near marble units and metamorphosed 
mafic and ultramafic rocks do ex ist elsewhere in the study area. 
However, amphibolites also ex is t adjacent to the marbles and these 
have not formed anthophyllite gneisses. Therefore, I hesitate to 
assign the same parent rock to both amphibolites and anthophyllite  
gneisses.
Chemical analyses of two anthophyllite gneisses are given in 
Appendix I I .  Major oxide percentages were calculated from these data 
and are presented in Table 5. These values compare reasonably well 
with anthophyllite gneisses from the southern Tobacco Root Mountains 
also l is te d  in Table 5 (from Burger, 1967).
The orig in  o f anthophyllite gneiss in the study area is unclear 
to me. D ifferent characteristics suggest both sedimentary and igneous 
origins. C rite r ia  supporting a sedimentary origin include,
1. association with other units which I in terpret as meta­
sedimentary;
2 . lack of cross-cutting contacts with adjacent gneisses;
3. d issim ilar mineralogy to other metamorphosed mafic and
ultramafic rocks in the area.
C r i te r ia  suggesting an igneous origin include,
1. overall mafic composition including high Mg and Fe contents;
Table 4. Major oxide percentages for anthophyllite gneisses from the southern Highland Mountains* 
(#9, #13) and the southern Tobacco Root Mountains (A-1, A-5, A-13, V-1, V-4, 114, from 
Burger, 1967, p. 6 ).
Sample # 9 ___ 13 A-1 A-5 A-13 V-1 V-4 V-114
SiOg 40.19 51.99 45.60 49.80 50.30 44.60 61.50 49.80
TiOg 0.19 0.32 3.30 0.77 0.84 2.95 1.39 0.48
AI2O3 21.54 12.18 11.40 5.65 14.30 9.33 25.60 10.80
FeO 2.64 5.68 16.10 12.80 10.10 14.10 3.10 17.00
MnO 0.05 0.15 0.30 0.20 0.20 0.20 0.06 0.20
MgO 33.36 15.53 5.45 13.80 8.27 12.10 1.72 11.80
CaO 0.39 12.69 10.00 12.40 11.00 11.60 0.17 6.13
NagO 0.59 1.00 2.16 0.87 2.71 0.68 0.39 0.20
KgO 1.05 0.46 0.44 0.44 0.21 0.36 1.53 0.12
*These rock samples were not analyzed for s i l ic a .  SiOg values represent approximate SiOg- 
contents obtained by subtracting the sum of the other components l is ted  from 100%.
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2 . homogeneous nature and lack of compositional layering that
is found in other metasedimentary units;
3. chemical s im ila r i ty  of one anthophyllite gneiss (#13)
to other amphibolites in the study area.
Magnetite-quartz gneiss. Thin le n tic u la r  bodies of magnetite- 
quartz gneiss s tr ik in g  para lle l to fo lia t io n  crop out near the eastern 
edge of the garnet-b io tite  gneiss. These range in length from 1 to 
50 meters, in width from 0.5 to 3 meters, and, l ik e  the marbles, appear 
to form a single, discontinuous layer along s tr ike  of adjacent units. 
Unlike iron-formation in other Precambrian terranes, such as the Ruby 
Range, magnetite-quartz gneiss in the study area is not well-layered.
In outcrop the gneiss has crude layers, commonly several centimeters 
th ick , defined by varying amounts o f iron-oxide plus quartz. However, 
iron-oxide grains are stretched-out and intergrown with quartz in a 
blebby habit rather than banded fashion. This is v is ib le  in both 
handspecimen and thin-section (Fig. 6 ).
The mineralogy of the gneiss is essentia lly  bimodal, consisting 
of quartz (55 - 70%) and magnetite (30-45%) with accessory ap a tite ,  
clinoamphibole (varie ty  undetermined), and hematite (a ltered from 
and rimming magnetite). Recrystallized quartz shows t r ip le  junctions; 
most quartz, however, is undulose and some grains are sutured.
The orig in  of Precambrian iron-formations is speculative.
D iffe ren t origins for banded iron formation (BIP) are discussed ex­
tensively in papers in Economic Geology (Vol. 68 , 1973). Most authors
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Figure 5. Thin-section sketch of magnetite-quartz gneiss.
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agree BIP are metasedimentary. Many authors a ttr ib u te  the formation 
of BIP to accumulation of iron oxides by micro-organisms ( Eugster 
and others, 1973; Goodwin, 1973; Holland, 1973; and LaBerge, 1973).
One possible source of iron may have been volcanoes where degassing 
released ferrous material into the atmosphere or seawater which 
organisms then f i l te r e d  from the a i r  or water, p rec ip itating  i t  in 
sediments (Goodwin, 1973). Chou (1973) suggests that most BIP formed 
in fresh water environments. However, he acknowledges that some iron- 
secreting organisms may have thrived in shallow marine lagoons producing 
marine BIP.
Another possible orig in for iron-formation is non-biological.
The modern atmosphere oxidizes iron , preventing formation of ferrous 
oxide in most quartz sand environments (such as beach, lake, or deep 
marine). However* the Precambrian atmosphere may have been oxygen- 
poor and therefore not oxidizing. While i t  seems unlikely that ferrous 
oxide could accumulate in a quartz sand today, this po ss ib ility  must 
be considered fo r  Precambrian time.
The presence of marble in the study area suggests Precambrian 
organisms thrived to produce limestones. Therefore, i t  seems reasonable 
that organisms may have lived which could have precipitated iron into  
quartz sands. Lack of well-defined layering in the gneiss, however, 
may suggest the unit formed from a re la t iv e ly  homogeneous mixture of 
iron-oxide grains in a quartz sediment. E ither o f these p o ss ib ilit ies  
seems plausible.
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Garnet-biotite gneiss. In the western part of the study area 
and in terlayering with units to the east is a garnet-b io tite  gneiss.
The unit extends west and south of the study area where i t  is overlain  
by Quaternary gravels. Study of the gneiss over the whole area was 
d i f f i c u l t  because of poor rock exposure because rhyo lite  flows cover 
the gneiss in the northwest and numerous granite dikes intrude the 
rocks in the west-central portion of the study area. Exposures were 
adequate in the northern and southern parts of the study area. Also, 
good exposure along walls of Nez Perce Creek allowed a study of a 
10 to 15 meter vertical section of both the gneiss and enclosed 
amphibolites.
Garnet-b iotite  gneiss has a dark gray color and is coarser-grained 
than e ith er  the quartzofeldspathic gneiss or s il lim anite-garnet gneiss. 
The dark color and a s l ig h t ly  migmatitic appearance in some outcrops 
distinguish this unit from others in the f ie ld .  The migmatitic 
appearance is created by strings and clots of fe ls ic  material (Fig. 7). 
These strings, which para lle l rock fo l ia t io n ,  consist o f large, anhedral 
well-twinned plagioclase grains, subordinate amounts of undulose 
quartz, and minor potassium feldspar (commonly microcline, rarely  
othoclase).
Layering in the garnet-b io tite  gneiss is defined by mafic con­
s t itu en ts . B io t ite  and garnet, together, form up to 40 percent of 
the gneiss in layers ranging from a few centimeters to several meters
Qcrnet-bioritt
l#U ic  strings
Figure 6 . Migmatitic garn et-b io tite  gneiss outcrop.
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in thickness. Layers are not always sharply bounded; generally, 
they grade compositionally into one another. Overall, mafic con­
stituents increase markedly to the east, especially where garnet- 
b io t i te  gneiss interlayers with s illim anite -garnet gneiss. Table 3 
shows an approximate change in mineral percentages o f the garnet- 
b io t i te  gneiss along a transect perpendicular to layering and fo lia t ion  
(F-F* on map). (Average modal analyses for the unit are lis ted  in 
Table 1).
West o f the study area in SE 1 /4 , NW 1 /4 , section 20 I found 
several small c a lc -s i l ic a te  layers alternating with garnet-b io tite  
gneiss. In th in -section , c a lc -s i l ic a te  layers consist o f diopside, 
plagioclase, hornblende and minor sphene, trem olite , a c t in o l i te ,  
c a lc ite ,  ap a tite , and zircon.
In two lo c a l i t ie s  (NE 1 /4 , NE 1 /4 , SW 1 /4 , sec. 20 and SW 1/4 ,
NW 1 /4 , NE 1 /4 , sec. 28) I found quartz inclusions in the gneiss.
These are unlike the fe ls ic  clots described e a r l ie r  in that (1) they 
are much larger than grains in the fe ls ic  c lo ts , and (2 ) fo lia t io n  
bends around the inculsions rather than going through them. There­
fore , I in te rpre t these as r e l ic t  quartz pebbles (Fig. 8 ).
Walls in Nez Perce Creek expose layers in garnet-b io tite  gneiss 
that have been is o c lin a lly  folded, stretched, and commonly broken 
suggesting these rocks behaved p la s t ic a lly  for a time, and la te r ,  
b r i t t l y .  Thin section study, also, indicates rock deformation followed 
maximum-metamorphism: b io t i te  flakes are bent, quartz grains are
32a
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Figure 7. R elic t quartz pebble in garnet-b io tite  gneiss
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Table 5. Estimated modal analyses from mineral point-counts for 
five  garnet-b io tite  gneiss samples along an east-west 
traverse perpendicular to litho lo g ie  layering (F-F' on map)
1* 2 3 4 5
Quartz 10% 35% 30% 30% 42%
Plagioclase 38 28 35 45 35
Potassium feldspar — — 2 8 2 3
B io tite 35 30 22 22 20
Muscovite 
and s e r ic ite
— — t r ---- t r
S eric ite  Chlorite t r — t r t r —
Garnet 6 4 5 2 t r
S ill im an ite -  - — t r —— t r
Iron-oxides 2 2 1 t r t r
A llan ite t r —— - — —— ----
Apatite t r 1 t r t r t r
Rutile t r ---- t r t r — —
Zircon t r t r t r — — t r
No. of counts 632 750 800 800 800
*#1 is near the an th o ph y llite -s i l l im an ite zone, #5 is farthest west.
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Table 6. Major-oxide percentages for garnet-b io tite  gneiss
calculated from chemical analyses given in Appendix 1.
1 2 6 18 29 30
*S i02 68.48 73.44 66.27 76.49 67.36 64.39
TiOg 1.10 0.64 0.98 0.71 0.77 1.01
AI2O3 12.13 12.51 13.04 10.16 16.05 15.22
FeO 5.49 3.28 6.28 5.50 2.92 5.58
MnO 0.06 0.04 0.10 0.13 0.06 0.09
MgO 5.57 3.28 6.28 0.73 3.91 5.94
CaO 2.07 1.80 2.25 2.38 2.02 3.00
Nâ O 2.02 2.61 1.79 2.00 4.38 2.31
KgO 3.08 1.90 2.43 1.90 2.53 2.46
*Rock samples were not analyzed for s i l ic a . SiOp values represent
approximate SiOg-contents obtained by subtracting the sum of other 
components l is te d  from 100%.
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sutured and undulose, many plagioclase grains show tapering deformation 
twins and some grains are broken.
Many thin-sections reveal a peculiar fine-grained intergrowth 
of garnet, plagioclase and b io t i te  forming rounded porphyroblasts 
(Plate 2a). Some porphyroblasts are garnet and show this intergrowth 
only around the margins suggesting that th is texture may have resulted 
from cataclasis during shearing. Other prophyroblasts consist of more 
thoroughly intergrown garnet, plagioclase, and b io t ite  (Plate 2b) 
which could not have resulted from cataclasis. In many porphyroblasts, 
garnet and b io t i te  are nearly everywhere separated by plagioclase, 
suggesting they grew by a reaction such as the following:
B io tite  + Plagioclase + Quartz — ?»
Garnet + Plagioclase + Potassium feldspar + Magnetite 
Because elsewhere thin-sections show b io t i te  and garnet in contact 
without any indication of mineral reaction, I believe these minerals 
are in equilibrium in some rocks.
Muscovite is a trace constituent in garnet-b io tite  gneiss.
Locally, i t  forms corroded flakes enclosed in plagioclase and b io t ite .  
Muscovite is also retrograde a f te r  s i l l im a n ite .
Trace amounts of s i l l im a n ite ,  perth ite  and an tiperth ite  exist  
in garn et-b io tite  gneiss th in-sections, indicating metamorphism 
reached at least the s illim anite-orthoclase zone of the upper 
amphibolite facies.
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Dusty magnetite forms along cleavages in b io t i te .  Zircons are 
extremely abundant occurring as rounded grains with pleochroic halos 
in adjacent b io t i te .  Apatite , a l la n i te ,  and ru t i le  also occur in 
trace amounts.
I believe garnet-b io tite  gneiss is predominantly sedimentary in 
origin for the following reasons, and suggest i t  is a metapelite:
1. quartz pebbles exist in at least two lo c a l i t ie s ;
2 . thin c a lc -s i l ic a te  layers alternating with garnet- 
b io t i te  gneiss layers ex ist west of the study 
area;
3. the gneiss has ir re g u la r , compositionally variable  
layers (see p. 15 for discussion);
4. the gneiss contains more garnet and b io t i te  near the 
s il lim anite -garnet gneiss;
5. the gneiss interlayers with s illim anite-garnet gneiss;
6 . the gneiss contains abundant b io t i te  suggesting a 
high Al-content.
Qrthoqneisses
Metabasites. The name "metabasite," adopted from Duncan (1976) 
who borrowed i t  from Cordua (1973), is a general term referring  to 
"metamorphosed basic intrusive rocks." Although in the study area I 
did not find cross-cutting relationships between these rocks and the
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Plate 2a. Garnet (g)-plagioclase (p ) -b io t i te  porphyro­
blasts in garnet-biotite gneiss.
Plate 2b. Enlarged garnet-plagioclase-biotite porphyroblast.
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host gneisses, the rocks are most l ik e ly  igneous in origin and use 
of the term is continued here.
Metabasites are garnet-bearing pyroxene-amphibole-plagioclase 
gneisses cropping out as broken pods and lenses completely enclosed 
in the quartozofeldspathic gneiss. In the study area, metabasites 
ex is t exclusively in quartzofeldspathic gneiss. Most metabasite pods 
are lensoid. Some lenses have quartz in the strain shadows 
suggesting that quartz migrated to low pressure areas as larger mafic 
layers were stretched and boudinaged (Fig. 9). Other metabasites are 
fla ttened bodies warped by the surrounding gneiss (Fig. 10 and 11). 
Detailed examination of the contacts of several complexly deformed 
metabasites reveals they are concordant with quartzofeldspathic gneiss. 
Where v is ib le ,  contacts are almost everywhere sharp. Locally, however, 
a thin layer, 10 to 20 cm th ick , o f porphyroblastic b io t i t e - garnet- 
c h lo r ite -r ic h  quartzofeldspathic gneiss borders metabasites. The 
abundance of b io t i t e ,  garnet, and ch lorite  only in the borders im­
mediately adjacent to metabasites suggests that these borders formed 
by enrichment of mafic consitutuents as a result of contact- 
metasomatism a f te r  intrusion (or extrusion) of the adjacent igneous 
body, o r , as a result o f metasomatism during regional metamorphism. 
Chemical analysis of a border gneiss (sample # 23 in Table 2) shows 
higher Ca and Mg contents and lower Na and K contents than for other 
quartzofeldspathic gneisses, further supporting my interpretation of 
a reaction zone.
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Figure 8 . Sketch of metabasite outcrop showing quartz on edges of soma lenses.
CO
CO
IMW
C r C i i i t  e
O Z 'L '
N \49 »
3-"^ rntlnbasite \ l  \ / V ^ ^
 '  " % lk (
meters
^ Î J >
Figure 9. Detailed map of metabasite outcrop (X -  X' on map) and in terpretive  
cross-section.
o
41
\
\
4 6 :
quarl ir l t ldspufh lc  gn#;;»
roc tobcMte
49*
V .
0
Figure 10. Detailed map of a metabasite outcrop (y on map) 
and in terpre tive  block diagram.
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Two kinds of metabasites are recognized although they were 
mapped as a single unit. The more abundant garnet-auglte-hornblende- 
plagloclase gneiss (coarse-grained metabasite) Is a coarse-grained, 
porphyroblastic, crudely fo lia ted  unit forming large pod- to lens­
shaped outcrops, 3 to 15 meters In diameter. In the f ie ld  these 
rocks weather to a d u l l ,  dark-brown and black color, with hummocky 
r e l ie f  standing above the adjacent topography. Coarse-grained meta­
basites have a d is tin c tive  appearance created by discontinuous strings 
of garnet porphyroblasts and elongate patches of dark-green to black 
hornblende. These patches define rock fo l ia t io n ,  which para lle ls  
regional fo l ia t io n .  Thin sections show garnets are po lk llob lastic  
and broken, generally Intergrown with r e l ic t  auglte, hornblende, and 
plagloclase. Coarse auglte grains (2V = 45°; ZAC = 45°; X' = 
yellowish green Z' = dark green) are surrounded by and altered to 
hornblende (ZAC = 14-15°; X' = yellow green, Z' = ollvegreen). Auglte 
Is also strongly embayed by wormy Intergrowths o f plagloclase (Plate 5) 
Elsewhere plagloclase occurs as In t e r s t i t i a l ,  granoblastic grains. 
Quartz lo ca lly  f i l l s  shear spaces along fo lia t io n  and forms po lk llo ­
b las tic  Inclusions In hornblende, garnet, and pyroxene.
The other kind of metabasite Is an extremely fine-grained, 
garnet-bearing auglte-hornblende-plagloclase gneiss (fine-grained  
metabasite). Commonly lineated, but nowhere fo l ia te d . I t  forms fewer 
and smaller outcrops than coarse-grained metabasite and weathers with
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Plate 3a. Texture of coarse-grained metabasite
Plate 3b. Plagioclase intergrowths in r e l ic t  augite grain 
in coarse-grained metabasite.
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roughly the same r e l i e f  as the surrounding rocks. Fine-grained 
metabasites generally consist of several small bodies apparently 
broken from one larger pod (Fig. 9). Lineations are defined by 
streaks of very fine-grained plagioclase, c linozosite , and aphanitic 
m ateria l. Mineral a lte ra tio n  and the fine-grained texture of the rock 
make mineral id en tif ica tio n  d i f f i c u l t ;  however, a few r e l ic t  augite 
(1 m to 1.5 mm) phenocrysts were recognized. These phenocrysts are 
corroded by and altered to hornblende. Plagioclase and garnet are 
very fine-grained and granoblastic. Plagioclase grains are not twinned, 
suggesting they grew or recrysta llized  during metamorphism. Scattered 
b io t i te  flakes help define the lineation.
Pointcount modes fo r metabasite samples are given in Table 7. 
Chemical analyses for three metabasites from the study area are lis ted  
in Appendix I ,  and major oxide percentages calculated from these are 
presented in Table 8. Oxide estimates for metabasites in the study 
area correspond approximately with oxides for metabasites in the northern 
Tobacco Root Mountains (Cordua, 1973; Hanley, 1975). Cordua (1973) 
and Hanley (1975) suggest these are metamorphosed basalts. Because 
oxides for metabasites in the study area correspond with those for  
metabasites in the Tobacco Root Mountains, and because other c r i te r ia  
suggest metabasites were igneous, I believe they may have been basalts. 
C rite r ia  suggesting an igneous origin for metabasites include.
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Table 7. Estimated modal analyses 
metabasites.
from mineral point-counts
91-2 89-3a 155-10
Hornblende 44% 27% 35%
Plagioclase 26 20 22
Augite 23 26 22
Garnet 2 20 17
Magneti te 2 3 3
Quartz — 3 -  “
B io tite 3 --- ---
Chlorite t r --- ---
Epidote — --- t r
no. o f counts 945
91-2 fine-grained metabasite 
89 -3a coarse-grained metabasite
452 1437
155-10 coarse-grained metabasite
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1 . abundance of r e l ic t  augite grains and phenocrysts,
2 . mafic mineral composition,
3 . s im ila r  mineralogy and textures in metabasites from 
d if fe re n t  outcrops,
4. lack of layering expected in sedimentary rocks,
5. presence of a g a rn e t-b io t ite -c h lo r ite -r ic h  layer  
bordering some metabasites which resembles a metasomatic 
reaction zone.
Hornblende-plaqioclase gneiss. Within the quartzofeldspathic  
gneiss and para lle l to i ts  fo l ia t io n  and lith o lo g ie  boundaries is a 
unit o f hornblende-plagioclase gneiss. The layer is irregu lar  in 
thickness and lo c a l ly ,  compositionally variable , with gradational to 
sharp boundaries with the surrounding gneiss. This unit is not easily  
recognized in the f ie ld .  I ts  few d is tin c tiv e  characteristics include 
( 1) an overall darker color than the surrounding quartzofeldspathic 
gneiss, (2) lack of b io t i te ,  and (3) abundance o f dark-green hornblende 
streaks. Thin-section characteristics are much more diagnostic than 
f ie ld  characteristics for distinguishing hornblende-plagioclase gneiss 
from other units. The gneiss has a crude fo lia t io n  defined by horn­
blende streaks, 1 mm to several cm long, within an interlocking network 
of more massive-textured zoned and well-twinned plagioclase crystals  
(Fig. 11). Plagioclase in this unit is s ig n if ican tly  more clacic  
than plagioclase in other gneisses in the area (An^g.gQ for hornblende-
Table 8 . Major oxide percentages for metabasites in the southern Highland Mountains (#20, #22, 
#27)* and the northern Tobacco Root Mountains (E-71-29b, E-71-479, E-71-624, from 
Cordua, 1973, p. 101; 10-8-67-2A, 10-8-67-1 A; 20-8-67-7 , from Hanley, 1975, p. 110).
Sample # 20* 22* 27*
E-71-
29-b__
E-71-
479
E-71-
624
10- 8-  
67-2A
10- 8- 
61-1A
20- 8-
67-7
SiOg 59.05 54.24 57.94 49.90 49.80 49.10 50.80 50.30 50.50
TiOg 0.97 0.60 1.11 2.56 1.29 2.35 0.80 0.87 0.70
AI2O3 11.79 14.85 11.76 14.60 14.00 13.30 14.70 14.50 14.60
FeO 8.86 6.45 8.13 11.10 12.40 12.00 9.58 11.50 11.15
MnO 0.21 0.16 0.18 0.19 0.23 0.23 0.19 0.22 0.22
MgO 8.08 9.89 9.05 5.90 7.64 5.67 7.23 7.01 7.56
CaO 8.76 11.37 9.31 8.48 10.50 9,67 11.40 11.50 11.90
Na20 1.75 1.86 2.01 2.70 1.81 2.49 1.48 1.87 1.81
K2O 0.53 0.58 0.51 0.13 0.65 0.75 0.44 0.23 0.23
*Rock samples were not analyzed for s i l ic a .  S i02 values represent approximate S i02-contents 
obtained by subtracting the sum of other components l is te d  from 100%.
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Figure 11. Streaky texture of hornblende-plagioclase gneiss.
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plagioclase gneiss). Near the mafic streaks, plagioclase grains 
are inequigranular, rounded, and deformed. Quartz occurs as p o ik i l i t ic  
inclusions in plagioclase and as rounded to stretched grains in te r ­
s t i t i a l  to hornblende and plagioclase along sheared zones near the 
the mafic streaks. Quartz also forms grains in t e r s t i t ia l  to plagio­
clase between mafic streaks. Minor and trace constituents include 
perth ite  ( 1%), orthoclase ( 5%), b io t i te  ( 1%), ch lo r ite  ( t r ) ,  
magnetite and hematite ( t r . ) ,  sphene ( t r . ) ,  and apatite  ( t r . ).
The mineralogy and textures revealed in thin-sections strongly 
suggest that hornblende-plagioclase gneiss is metaigneous:
1 . presence o f euhedral, well-twinned, commonly zoned 
plagioclase crystals o f approximately Angg-GQ composition;
2 . r e la t iv e ly  massive rock textures consisting of  
in terlocking crystals rather than rounded grains;
3 . i r re g u la r ,  discontinuous, f a i r ly  evenly-spaced streaks 
of hornblende;
4. lack of b io t i te  which is present in adjacent units;
5. overall homogeneity of unit with only local mineralogical 
variation and lack of obvious layering.
Hornblende streaks may have developed from a more homogeneous 
parent rock as a result of shearing during metamorphic d i f fe re n tia t io n .  
This in terpreta tion  is supported by (1) the re la t iv e  uniform spacing 
of streaks through the gneiss, (2 ) inequal sizes of grains along and 
near mafic streaks suggesting shearing, and (3) otherwise nearly 
massive interlocking crystal texture of fe ls ic  constituents between 
mafic streaks.
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Major oxide percentages calculated from pointcount estimates 
of minerals in hornblende-plagioclase gneiss are given in Table 10. 
These oxide percentages compare remarkably well with average oxides 
of a quartz d io r ite  ( c . f . : Hyndman, in prep .). Because hornblende- 
plagioclase gneiss is concordant with the enclosing quartzofelds­
pathic gneiss, I suggest th is unit was a quartz d io r ite  s i l l .
Amphibolites. Amphibolites are those hornblende-plagioclase 
rocks containing more than about 45 percent hornblende. In the 
f i e ld ,  amphibolites form stretched-out lenses gradually pinching 
along s tr ik e  into the surrounding gneisses. These are longer, and 
fo r  th e ir  s ize , thinner than other mafic bodies (metabasite, antho- 
p h y ll i te  gneiss, and metamorphosed ultramafic rocks). Throughout 
the metamorphic terrane, amphibolites are everywhere concordant with 
fo l ia t io n .  They are especially prevalent in the anthophyllite- 
s il l im a n ite  unit (see below) where they form layers up to 200 meters 
long by 50 meters wide, and averaging 30 meters long by 8 meters wide, 
Walls in Nez Perce Creek show excellent exposures of amphi­
bo lites  enclosed in garn et-b io tite  gneiss. Many amphibolites are 
boudins, and some boudins have been rotated (Fig. 13 and Fig. 14).
The composition and textures o f amphibolites varies. The most 
common amphibolite type has a "salt-and-pepper" texture - -  an in te r ­
sprinkling of hornblende and plagioclase grains - -  with a s light  
fo l ia t io n  defined by recrys ta ll ized , para lle l hornblende grains.
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Table 9. Modal analyses estimated from mineral point-counts 
fo r  hornblende-plagioclase gneiss.
72-1 83-3b 46-la
Quartz 6% 25% 23%
Plagioclase 55 40 45
Potassium feldspar ------- 5 1
Hornblende 39 25 30
B io t ite t r — — — —
Chlorite t r t r -------
Iron-oxides 1 t r t r
Apatite 1 t r —
Rutile t r — — —
Garnet — t r —
Sphene t r — —
no. o f counts 454 630 388
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Table 10. Major-oxides for hornblende-plagioclase gneiss 
calculated from modal analyses using oxide percentages for  
minerals a f te r  Deer and others (1976).
72-1_______ 83-3b______ 46-la____ Q uartz-D iorite* D io r ite *
SiÜ2 59.73 60.70 61.03 63.04 58.58
TiOg 0.68 0.53 0.63 0.73 0.96
AI2O3 16.04 14.80 15.87 16.68 16.98
Fe2Û3 4.80 3.92 4.67 1.77 2.55
FeO 0.90 0.70 0.84 3.95 5.13
MnO 0.17 0.10 0.12 0.08 0.12
MgO 9.70 3.36 4.03 2.78 3.73
CaO 4.96 7.74 8.89 5.42 6.66
Nd20 0.70 2.05 2.31 3.64 3.60
KgO 1.90 1.10 0.55 1.99 1.81
* Average oxide compositions fo r  quartz d io r ite  and d io r ite  
( c . f . :  Hyndman, in prep .).
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Salt-and-pepper amphibolites are most abundant in the anthophyllite-  
s il l im a n ite  un it. Amphibolites in the quartzofeldspathic gneiss 
are commonly coarser-grained, b e tte r - fo l ia te d ,  garnetiferous, and in 
some cases more amphibole-rich than the salt-and-pepper amphibolite.
Like hornblende-plagioclase gneiss, amphibolite thin-sections  
textures show an interlocking network of crystals (Angg_gQ).
Hornblende crystals are euhedral to subhedral. Plagioclase crystals  
are commonly twinned, rare ly  zoned.
Other minerals include b io t i te  ( t r ) ,  ch lo rite  (1-2%), sphene 
( t r ) ,  ap atite  ( t r ) ,  magnetite ( 1- 2%), and hematite ( t r ) .
Seven amphibolites were chemically analyzed and elemental analyses 
are presented in Appendix I I .  Major oxides calculated from this data 
are given in Table 12, along with estimated oxide percentages from the
central Ruby Range (B ie lak, 1978) and oxides fo r basalts ( c . f . :
Hyndman, 1972). Many authors have suggested that amphibolites in 
other Precambrian terranes in southwestern Montana are metamorphosed 
basalts (Heinrich, 1960; Cordua, 1973; Garihan, 1973; Hanley, 1975; 
Friberg, 1976; Bielak, 1978). B ielak, (1978) further suggests that 
amphibolites in the Carter Creek area o f the central part of the 
Ruby Range are metamorphosed basalt flows. I have seen some of the 
Carter Creek amphibolites and believe they resemble amphibolites in 
the present study area both in mineralogy and in texture. Also, l ik e
the Carter Creek amphibolites, these rocks occur in layers along
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2
c?
cm
foilotion in omphit^qm# fcoadii»
Figure 13. Rotated amphibolite boudin In garnet-blOtite gneiss.
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Table 11. Modal analyses fo r  amphibolites
46-e 72-3* 55-3 155-13 155-6
Hornblende 57% 84% 58% 78% -----------
Plagioclase 42 15 38 20 t r
Potassium feldspar t r ------- — — ------- — —
Quartz — — — — t r — — —
B io t ite — — ------- — —
Cummingtonite — — — — ------- 94%
Sphene t r — — 2 ------- —
Diopside t r ------- — — 2 —
Apatite t r — — t r ------- t r
Iron-oxides t r 1 t r t r 2
Garnet M  — — ^ t r — t r
*Hornblendite
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Table 12a. Major-oxides for amphibolites calculated from chemical
analyses l is te d  in Appendix 1. (1 , 7, 8 , 14, 15, 17, 26);
average oxide of Carter Creek amphibolite (B) (B ielak,  
1978, p. 28); and average composition of basalts ( c . f . :  
Hyndman, 1972, p. 171).
1 7 8 14 15 _ 17 26 B
SiOg 58.19 52.38 49.75 46.16 53.72 60.85 59.03 51.50
T i02 2.28 1.91 0.55 0.88 0.94 1.10 0.53 1.00
AlgOj 10.56 12.32 10.93 8.12 14.59 11.86 8.92 15.10
FeO 6.44 6.50 6.56 7.13 6.21 5.47 9.01 8.30
MnO 0.18 0.16 0.18 0.15 0.14 0.14 0.24 ---
MgO 9.26 9.35 18.87 29.20 11.92 9.43 10.51 6.30
CaO 10.84 15.70 11.71 7.25 10.37 8.23 10.34 10.10
NagO 1.72 0.99 1.03 0.64 1.68 1.81 1.27 2.50
KgO 0.53 0.69 0.42 0.47 0.43 0.47 0.65 1.00
Table 12b. Average chemical compositions of d if fe re n t  kinds of flood 
basins (in wt.%). Continental th o le ii te s  (144 analyses); 
oceanic theolltes (161) analyses ); a lka line  basalts 
(199 analyses) from Hyndman, 1972.
Average Range Average Range Average Range
SiOg 50.7 44.35-5460 49.3 42.8-152.56 47.1 41.04-51 .4
TiOg 2.0 0.9 -3 .99  1.8 0.35 -3.69 2.7 0.92-4. 52
A I2O3 14.4 12.48-16 .32 15.2 7.3-;22.3 15.3 10.11-26 .26
FeO
MnO
MgO
CaO
NapO
KgD
9.8
0.2
6.2
9.4
2.6
1.0
4.18-13.60 8.0 
0 .10-0 .3  0.17 
3.52-11.16 8.3 
7.45-11.8 10.8 
1.8-3 .47 2.6 
0.19-1 .74 0.24
2.87
0.09
4.59
6.69
0.90
0.04-
-13.58
-0.44
-26.0
-14.1
-4.45
-0.70
8.3  
0.17
7.0
9.0
3.4 
1.2
0.48-13
0.06-0.
2.66-17
6.81-14
1.35-4.
0.13-2.
.63
36
.87
.46
8
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s t r ik e ,  p a ra lle l to fo l ia t io n .  Therefore, i f  B ielak's in terpre­
tations are correct, I suggest amphibolites in the southern Highland 
Mountains may also be basalt flows. The following c r i te r ia  from 
the present area suggest that amphibolites in the southern Highland 
Mountains are metaigneous,
1 . an abundance of euhedral to subhedral hornblende 
and well-twinned, ca lcic plagioclase (Angg.gQ);
2 . a lack o f compositional variation within individual 
layers;
3. major-oxide percentages fo r amphibolites compare closely  
with average oxide composition of basalts.
A few, small lenses of hornblendite occur adjacent to , w ith in ,  
or near amphibolites. Hornblendites were not mapped separately because 
of th e ir  small size (less than 2 meters long and 1 meter wide).
However, a few hornblendites are shown in Figure 14. These rocks 
consist o f 90 - 95 percent coarse-grained, black or olive-green  
hornblende with minor plagioclase and magnetite. Plagioclase lenses 
and lay ers , with minor diopside, garnet, and sphene occur in some 
hornblendites. Because o f small outcrop size and poor rock exposure,
I did not study these rocks in d e ta il .  Therefore, th e ir  origin is 
unclear to me.
Metamorphosed ultramafic rock. Metamorphosed ultramafic bodies 
ex is t in the Highland metamorphic rocks. These form rounded to 
hummocky outcrops with a black or d is tin c tiv e  bluish-gray weathering
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surface. Vermiculite flakes occur in f lo a t  around some of the 
bodies. In thin section, the blue-gray rock type shows serpen- 
t in iz a t io n  {10 to 30%). Foliation is defined by layers of 
tremolite-orthopyroxene a lternating  with magnetite-serpentine + 
broken r e l ic t  o l iv in e  and orthopyroxene. The black ultramafic rock 
has a more massive texture than the blue-gray weathering ultramafic  
rock. I t  is  characterized by subhedral crystals of ensta tite  and 
patches of broken, altered spinel and o liv in e .
Because contacts between the ultramafic rocks and host geneisses 
are poorly to unexposed, the type of emplacement of these rocks is 
unclear. Desmarais (1978) studied ultramafic rocks in the central 
Ruby Range, and suggested they were tecton ica lly  emplaced. Further 
detailed work on ultramafic rocks in the Highland Mountains was 
beyond the scope of th is  study.
Anthophyl1i t e - s i 11imanite Unit
Sandwiched between the two major metamorphic rock units , quartzo­
feldspathic gneiss and garnet-b io tite  gneiss, is a narrow, l i th o -  
lo g ic a lly  variable unit.
Several d is t in c tiv e  aspects separate th is unit from adjacent 
rock types. F i rs t ,  the unit contains the only occurrences of marble, 
anthophyllite gneiss, magnetite-quartz gneiss, and s i l l im a n ite -  
garnet gneiss in the area. Second, amphibolites are concentrated along 
the eastern edge of the unit and occur more commonly within i t  than
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in other areas. Third, the un it lacks metabasites which crop out 
only in the quartzofeldspathic gneiss (see map).
The eastern boundary of the an thoph yllite -s ill im an ite  unit has 
a rather abrupt contact although a few layers o f quartzofeldspathic 
gneiss in te r la y e r  with the unit. The western margin shows more 
in ter layering  o f l i th o lo g ie  units and compositional gradation exists  
between garnet-bio t i te  gneiss and s il l im an ite -g arnet gneiss (see p. 32).
The western margin was mapped as an approximate boundary beyond 
magnetite-quartz bodies where s il l im an ite -g arnet gneiss ceases to 
crop out.
A detailed sketch map of the an tho ph y llite -s ill im an ite  unit 
shows structural relationships between s il lim anite -garnet gneiss 
and other rock types (Fig. 5). The map pattern may be interpreted  
in several ways. Most simply, these rocks may represent orig inal 
intertonguing of d if fe re n t  sediments. I f  the metabasites are in ­
trusive rocks (see p. 44 ), the d istr ibution  o f metabasites only in the 
quartzofeldspathic gneiss suggests they were emplaced before deposi­
tion of the more ferrous-aluminous sediments (see map). However, 
both f ie ld  and pétrographie data indicate shearing and transposition  
o f layers occurred during metamorphism. Amphibolites elsewhere in the study 
area form boudins suggesting the lenses of amphibolites in Figure 14 
may likewise be boudins. Therefore, shearing or shear folding seems 
p a r t ia l ly  or wholly responsible for the in terlayering o f these units.
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A second hypothesis explaining lith o lo g ie  in terlayering as well 
as d is tr ibu tion  of metabasites involves thrust fau lting  and super­
position of d if fe re n t  rock packages. I f  superposition occurred 
before metamorphism then metamorphism and shear deformation may have 
erased a l l  signs o f thrusting/superposition. I f  d i f fe re n t non­
p ara lle l structural styles were present in rocks on opposite sides, 
documentation of a thrust fa u lt  would be more c lear. This is not the 
case in the area mapped.
North of the study area (in  T .2S ., R. 7W., sections 29 and 32) 
the an tho p h y llite -s i l l im an ite  unit pinches out leaving garnet-b io tite  
gneiss and quartzofeldspathic gneiss adjacent to one-another (Duncan, 
1976, map). Although I did not examine this area in d e ta i l ,  i t  might 
contain useful information supporting or re jecting the thrust hy­
pothesis.
Post Metamorphic Intrusive Rocks
Igneous intrusive rocks pierced the Precambrian metamorphic rocks 
several times following the major metamorphic and deformational events 
These include, granite dikes and s i l l s ,  a gran itic  plug, pegmatite 
dikes, rhyo lite  flows, a hornblende-andesite in trus ive , diabase dikes, 
and basalt dikes.
Only the granite plug and rhyo lite  flows were mapped in the f ie ld  
because they displaced or covered extensive areas of the metamorphic 
rocks. The rocks were a l l  examined b r ie f ly  in order to help decipher
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the geochronology of the region. B rie f descriptions are included 
here.
Granite. Granite dikes of d i f fe re n t ages ex ist in the meta­
morphic rocks. Some of these form dikes or s i l ls  concordant with 
fo l ia t io n ;  many were folded a f te r  intrusion. Other granite dikes 
crosscut both fo l ia t io n  and folds indicating more recent emplacement.
The more recent dikes occur along d is t in c t trends s tr ik in g  NE-SW,
NW-SE, and E-W (see Fig. 15). Further study of these might indicate  
association with the Boulder batholith because th e ir  regional proximity 
and general trends seem connected with other la te  Cretaceous gran itic  
intrusives (Ruppel, verbal communication, 1979).
Granitic plug and pegmatites. An e l l ip t ic a l  g ran itic  plug intruded 
the metamorphic rocks along a north-south trend on the western edge of 
section 21. Associated with the plug are numerous pegmetite dikes, 
some also oriented north-south, but most are randomly oriented. The 
gran it ic  plug is more mafic than the granite dikes. S tructura lly ,  
they have d if fe re n t  trends. Because pegmatites are more abundant near 
the plug, I suspect the gran itic  plug and pegmatites are genetically  
re lated . Nowhere did I find granite and pegmatite dikes crosscutting 
and therefore I do not know the age relationships between these rocks.
Rhyolite flows. A t a l l ,  sharp-sided butte stands out in the north­
west portion of the study area (section 17). At a distance this feature  
resembles a volcanic plug, but close examination reveals pinkish-red 
rh yo lite  and gray-black obsidian intermixed in contorted, subhorizontal
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Figure 15. Rose diagram of s tr ike  o f granite dikes.
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flow banding. Measurement of dips on flow banding did not indicate  
a source area. Since the flows overlie granite dikes and are not 
intruded by them, rhyo lite  presumably post-dates granite dike intrusion.
Hornblende-andesit e . One small outcrop, mostly surface f lo a t ,  
of hornblende andésite was found in NW 1 /4 , NE 1 /4 , section 21.
Diabase dikes. Diabase dikes crosscut the metamorphic rocks 
along east-west trends. In the study area these are generally less than 
1 meter wide, weather to a rusty brown, loose, rubbly surface with the 
same r e l i e f  as surrounding rocks. Duncan suggests these are la te  
Precambrian in age, a f te r  correlation to Koehler's (1973) description 
of s im ilar  diabases in the Tobacco Root Mountains which do not appear
to intrude Belt rocks.
Basalt dikes. Basalt dikes also crosscut fo l ia t io n  but unlike the 
diabase dikes, these follow no regular pattern. They do have an ex­
tremely well-defined lineation formed by fe ls ic  stringers in the 
dikes, but basalt dikes are not folded. Lineations para lle l host-
rock walls and presumably formed by flow during intrusion.
The basalt dikes are severely a ltered . In thin section, 
plagioclase is altered to s e r ic ite  and clays, augite and hornblende 
show some a lte ra tio n  to ch lor ite . A lteration may have resulted during 
cooling of the magma or, during a la te r  low-grade metamorphic event 
(see p. 72). Because the dikes are not folded, they presumably 
intruded the gneisses a f te r  the las t major deformational event.
CHAPTER I I I  
METAMORPHISM
Regional Metamorphism
Precambrian rocks throughout southwestern Montana underwent 
high-grade regional metamorphism. In the Tobacco Root Mountains 
(Cordua, 1973; Hanley, 1975) and the Ruby Range (Okuma, 1971; Garihan, 
1973; and Dahl, 1977) metamorphic conditions reached at least the 
upper amphibolite fac ies , and in some cases, the granulite facies.
From thin section study of mineralogy and equilibrium textures I 
determined that rocks in the southern Highland Mountains also 
stab!ized in the upper amphibolite facies. The following general 
characteristics suggest high-grade conditions:
1. the presence of microperthite and, lo c a lly ,  an tip erth ite ;
2. the occurrence o f dark olive-green hornblende, 
anthophyllite , and commungtonite as the dominant 
constituent of many mafic gneisses;
3. a lack of primary muscovite;
4. an abundance of red-brown b io t i te ;
5. plagioclase in the metasedimenta ry units ranges from 
Angg to An^g (Winkler, 1976, p. 76).
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Most of the rocks in the study area have few d is tin c tiv e  miner­
alogies and therefore lack distinguishing c r i te r ia  for specifying 
pressure-temperature conditions. However, two compositionally 
variable units were especially useful in determining the grade of 
metamorphism. These are s il lim anite -garnet gneiss and garnet- 
b io t i te  gneiss, which have equilibrium assemblages indicating meta­
morphism reached the sillim anite-orthoclase zone of the upper 
amphibolite facies ( c . f . : Hyndman, 1972, p. 354).
Equilibrium assemblages were determined as those coexisting  
minerals that are in contact, lack reaction textures (such as compo­
sit iona l gradation between minerals or embayment or corrosion o f one 
mineral by another), and p lot without crossing t ie  lines on ACFmK 
diagrams (Hyndman, 1972, p. 354). The following equilibrium mineral 
assemblages occur in the metamorphic rocks; assemblages diagnostic 
of metamorphic grade are starred. Equilibrium assemblages and average 
rock compositions are plotted on an ACFK diagram. Figure
mineral assemblage rock type
perth ite -p lagioclase-quartz quartzofeldspathic gneiss
biotite-plagioclase-potassium feldspar-quartz "
s il l im an ite -p lag ioc lase  garnet-b io tite  gneiss
* s i l 1imanite-biotite-potassiurn feldspar "
garnet-perth ite-plagioclase-quartz "
potassium fe ldspar-perth ite -quartz "
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*g a rn e t-s i11imanite-plagioclase-quartz  
* s i 11imani te -b i o ti te -p lagi oclase 
* s i 11imanite-orthoclase quartz 
hornblende-garnet-plagioclase-quartz 
hornblende-garnet-plagioclase 
*anthophyl1ite -garnet-plag ioclase
sillim anite-garnet-gneiss
amphibolite 
metabasite
anthophyllite gneiss
The occurrence o f s i l l im a n ite and orthoclase and lack o f primary 
muscovite indicate metamorphic grade reached at least the s i l l im a n ite -  
orthoclase zone of the upper amphibolite facies ( c . f . :  Hyndman, 1972). 
Lack of orthopyroxene in the ultramafic and mafic rocks and presence 
of anthophyllite in the anthophyllite gneiss indicate metamorphism did 
not reach the granulite facies. The pressure-temperature f ie ld  
of metamorphism probably plots within the striped area of Figure 16. 
Although kyanite and andalusite would not be expected with the s i l l i ­
mani te ,  the absence of such high- or low-pressure indicators prevents 
determination o f specific pressure lim its .
Retrograde metamorphism
Secondary minerals, including c h lo r ite ,  s e r ic i te ,  epidote, and 
hematite, occur in nearly every thin-section examined. These minerals 
become most abundant near shear zones defined by coarse stringers of 
quartz and feldspar, apparently forming where water had easier access 
to hydrate the rocks.
u
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Figure 16. Pressure-teraperature diagram showing field of 
metamorphism (c .f.:  Hyndman, 1972, p. 313).
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Figure 17a ACFmK diagram showing equilibrium mineral 
assemblages and average rock compositions for quartzo­
feldspathic gneiss (1), sillimanite-garnet gneiss (2), 
garnet-biotite gneiss (3), and anthophyllite gneiss (4). 
Sill -  sillimanite. Flag = plagioclase. Gar = garnet. 
Bio = biotite» K-fsp = orthoclase.
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Figure 17b. ACFmK diagram showing equilibrium mineral 
assemblages and average rock composition for metabasite 
(1) and amphibolite (2). Flag plagioclase, Hb = 
hornblende. Gar = garnet.
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The cause o f retrogression is uncertain. Secondary minerals may 
have grown during low temperature conditions associated with un­
loading following high-grade regional metamorphism, or a separate, 
low-temperature metamorphic event may have reheated the rocks producing 
retrograde mineral assemblages.
CHAPTER IV 
DEFORMATION
As in other Precambrian metamorphic terranes, metamorphic rocks 
in the Highland Mountains are complexly deformed. Duncan (1976) did 
a structural analysis of the Highland region and repetition of his 
work is unnecessary here. Below, however, I describe structures 
occurring in the study area and try  to in terpre t th e ir  geochronological 
sequence.
Folds. At least three types of folds ex is t in the study area, 
most eas ily  recognized in the w e l l - fo l ia te d ,  well-exposed quartzo­
feldspathic gneiss. The smallest and e a r l ie s t  v is ib le  folds (F-j) 
occur handspecimen size to outcrop scale forming is o c lin a l,  recumbent, 
s im ila r -s ty le  folds. Schistosity penetrates fold hinges and the axial
planes of these folds is para lle l to rock fo l ia t io n  (Duncan, 1976).
The folds presumably developed by flexural s lip  during high-grade 
regional metamorphism (Duncan, 1976) and in several places folds are 
v is ib le  which deform schistosity in several ways (Fig. 18). Because 
I did not analyze structural data in d e ta i l ,  I cannot assign re la t ive  
ages to any of the Fg-folds. However, I believe some Fg-folds are 
older than others because refolded F2-fo lds ex ist in the study area 
(Fig. 9 ) . Fgg-folds are t ig h t and asymmetric (Fig. 18, Fig. 19).
Some are handspecimen s ize , others have wavelengths commonly of 1 to
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Figure 13. Small-scale folds parallel to foliation.
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Figure 19. Tight, asymmetric Fg-fold in quartzofeldspathic 
gneiss.
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4 meters and dip shallowly to steeply. The la t te r  are v is ib le  only 
in a few lo c a l i t ie s  in the quartzofeldspathic gneiss (NW 1/4 , NW 1 /4 ,
NE 1 /4 , Section 21; and SW 1/4 , SE 1/4 , SW 1 /4 , section 16).
are la rg e r, open-style folds, on the order of 20 to 
100 meters in wavelength. These are v is ib le  on aeria l photographs and 
may be seen in the f ie ld  by looking from one h i l l  onto another where 
more résistent layers weather above the surrounding terrane. folds 
are large, open, macroscopic structures, the Rochester anti form and 
Gilfoy H i l ls  synform (Duncan, 1976). Rocks in the present study area 
crop out along the western limb and part o f  the nose of the Rochester 
anti form, which plunges 27° at S. 28° W. (Duncan, 1976). Because 
Fg-folds deform schistosity , they apparently formed la te r  than F-j-folds. 
Duncan (1976) determined that a l l  folds developed during metamorphism, 
and that fo lding style changed from s im ila r-s ty le  to concentric-style  
during la te r  stages of deformation
Boudinage. The presence of amphibolite boudins and pinch and swell 
structures in Nez Perce Creek indicate some gneisses behaved p la s tic a lly  
during regional metamorphism and deformation (Fig. 12). Shearing and 
stretching presumably occurred during regional metamorphism because 
fo l ia t io n  in most amphibolites para lle ls  the surrounding rock fo l ia t io n .  
A few boudins, however, show fo lia t io n  at approximately 75 degrees to 
host rock fo l ia t io n  indicating that the boudins were rotated a f te r  th e ir  
formation (Fig. 13). Evidence is presented above suggesting that the
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ga rn e t-b io tite  gneiss behaved b r i t t l y  a f te r  the period of maximum 
metamorphism.
Faults. Although Duncan (1976) observed large s t r ik e -s l ip  
and normal fau lts  in other parts o f the Highlands, no large offsets  
were mapped in the study area. Small offsets associated with intrusion  
o f the granite dikes were observed but these were not mapped because 
o f the small amounts of displacement. One low-angle (20 - 30° ?),  
westward-dipping shear zone exists near the western margin of the 
an th o p h y llite -s i l l im an ite  zone. I ts  trend follows lith o lo g ie  boundaries 
suggesting that shear formed along a pre-existing structural or litho lo g ie  
weakenss. Direction of movement and amount o f displacement were not 
determined because of extremely poor exposure of the shear zone and 
lack of marker units on opposite sides of the shear. Mineralization  
occurs along the shear v is ib le  in the f ie ld  by the occurrence of 
gossans and prospect p its  with chalcopyrite, malachite, hematite, and 
limonite in f lo a t  at the surface. Mineralization and shearing are more 
extensive southwest of the study area in sections 29 and 30. I f  
m ineralization is hydrothermal in o r ig in , i t  may be associated with 
intrusion of the Hells Canyon pluton to the north. Duncan suggests 
low-angle thrust faults  in other parts o f the Highland Mountains are 
Laramide in age. Perhaps this shear zone is also a thrust associated 
with intrusion of the pluton.
CHAPTER V 
SUMMARY AND CONCLUSIONS
Metamrophic rocks in the study area represent a series of 
primary metasedimentary gneisses with inter!ayered mafic and u ltra -  
mafic orthogneiss lenses. The two major lithologies and several 
minor l i th o lo g ie s , along with my interpreted protoliths as determined 
above and are l is te d  below.
major
litholoqy  
quartzofeldspathic gneiss 
garn et-b io tite  gneiss
proto lith
graywacke or arkosic sediments 
+ volcanic + igneous material 
p e l i t ic  sediments
minor
s il l im an ite -garnet gneiss 
marble
anthophyllite gneiss 
magnetite-quartz gneiss 
metabasite  
amphi boli te  
hornblende-plagioclase gneiss quartz d io r ite  
ultramafic rock peridotite  (?)
clayey feldspathic sandstone 
limestone
Mg-rich clayey sandstone or 
mafic igneous rock 
iron-rich  quartz sand
basalt ?
basalt ?
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Mineralogy and textures in these gneisses indicate regional 
metamorphism stab il ized  around temperatures of 600 to 700^ C and 
pressures between 1.5 and 8 Kb. Deformation associated with meta­
morphism produced fo l ia t io n  roughly para lle l to l itho lo g ie  layering, 
isoc lina l and in t ra fo l ia l  fo lds , and boudinage o f more competent mafic 
units. Deformation probably continued with declining temperatures 
producing catac lastic  textures in many gneisses, as evidenced by bent 
grains and broken layers in the garnet-b io tite  gneiss and rotated 
amphibolite boudins. The presence o f secondary minerals in most rocks 
indicate p a rt ia l re -equ ilib ra tio n  in the greenschist facies e ither  
associated with cooling following high-grade regional metamorphism, 
or a second low-grade metamorphic event.
Post-metamorphic granite dikes crosscut regional fo l ia t io n .  Some 
of these are folded, indicating that a second major deformation occurred 
a f te r  maximum conditions of regional metamorphism. These folds include 
open warps, on the scale of tens of meters in wavelength, and a large 
southwest-plunging macroscopic fo ld , the Rochester anti form (Duncan, 
1976).
Basalt and diabase dikes crosscut both the metamorphic rocks and 
folds indicating that they intruded these rocks a f te r  major defor­
mational events. S t i l l  younger intrusives, probably la te  Cretaceous 
and T e rt ia ry  in age, pierce the Precambrian terrane.
Table 13. In terpreted geochronology of Precambrian metamorphic rocks in the southern Highland 
Mountains. For de ta ils  see Chapter I I .
Event (Sedimentation, Igneous 
Date* (m .y .a .) Metamorphic, Deformational) Evidence
69 -
78
1400 -
1700
extrusion of rh y o li te ,  * *  
intrusion of g ran itic  plug and 
pegmatites,
intrusion o f andésite, 
intrusion of granite dikes,
D̂  -  thrusting
Dg - fracturing
Basalt, diabase dikes
Dp - open-style folding following 
s im ila r-s ty le  folding
Granite dikes
presence o f non-metamorphosed igneous 
rocks that crosscut metamorphic rocks. 
Age is assumed by correlation to Elkhorn 
Mountain volcanics.
Low-angle shears, produced by intrusion of 
Hells Canyon pluton (Duncan, 1976).
Granite dikes intruded along d is t in c t trends 
suggesting they were emplaced along pre-existing  
fractures. Shear zone (D^) cuts dikes.
Presence of non-folded mafic dikes which 
crosscut metamorphic rocks. Age is assumed 
by correlation to mafic dikes in the Tobacco 
Root and Ruby Ranges (Okuma, 1971; Cordua, 1973; 
Hanley, 1975; Wooden, 1975; Wooden and others, 1978)
Handspecimen-size to mesoscopic-scale folds that 
deform schistosity. Relative ages determined 
by Duncan (1976).
Dike folded by Dg
VO
Date Event Evidence
2700
pre-2700
0*1 -  shearing and
regional metamorphism to the 
si 11imanite-orthoclase zone of 
the amphibolite facies.
Emplacement of ultramafic rocks.
Emplacement o f basalts or other 
mafic igneous rocks.
Schistosity penetrates hinges of is o c lin a l,  
recumbent D]-folds.
The presence of rotated amphibolite boudins 
and catac lastic  textures in garnet-b io tite  
gneiss indicates shearing continued following 
maximum metamorphic conditions.
Ultramafic rocks are metamorphosed.
Mafic mineral composition, presence of r e l ic t  
igneous phenocrysts, presence of euhedral, w ell-  
twinned calcic (An^g.^g) plagioclase, and lack 
of layering suggests mafic gneisses are igneous. 
The d istr ibu tion  of amphibolites along strike  
may indicate these were basalt flows (Friberg, 
1976; B ielak, 1978).
The abundance of b io t i te  suggesting high Al- 
contents; the presence of quartz pebbles in 
garnet-b io tite  gneiss; the ir re g u la r , composi- 
t io n a lly  variable nature of layering in quartzo­
feldspathic gneiss, s il lim anite -garnet gneiss, 
and garn et-b io tite  gneiss suggesting sedi­
mentary orig in .
*Ages were obtained as follows:
69 - 78 m.y. -  range of ages on the Boulder Batholith (T i l l in g ,  and others, 1968)
1400 -  1700 - ranges of ages on mafic dikes in the Tobacco Root, Ruby, and other ranges (Wooden and
others, 1978)
2700 - approximate Rb-Sr whole rock dates on upper amphibolite and granulite facies rocks in the
Tobacco Root and Ruby Ranges ( G i le t t i ,  1966).
* * re la t iv e  ages of these igneous rocks are unknown, however, rhyo lite  extrusion presumably post-dates
granite intrusion (see p. 65).
* * * re la t iv e  ages of sedimentation and emplacement of mafic rocks are unknown.
Deposition of pe le tic  sediments with 
minor a lternating  layers of ca l­
careous sediments, limestone, and 
iron-rich  quartz sands.***
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Geochronological events are summarized in table 8.
Archean rocks in southwestern Montana have been assigned to 
four general groups,
1. the Pony Series, defined by Tansley et al (1933) in the 
Tobacco Root Mountains, consisting of quartzofeldspathic gneiss, 
hornblende gneiss, amphibolite, and metapegmatites;
2. the Cherry Creek Group, defined by Peale (1896) near Virginia  
City in the southern Tobacco Root Mountains, consisting of marbles, 
q u a rtz ite s , banded-iron-formation, hornblende gneisses, amphibolites 
and aluminous schists;
3. the pre-Cherry Creek Group, defined by Heinrich (1960) in 
the Ruby Range, consisting of garnet-anthophyllite schists, quartzo­
feldspathic gneisses, hornblende gneisses, amphibolites, and mig- 
matites. Because these rocks s tru c tu ra lly  underlie the Cherry Creek 
Group, Heinrich named them "pre" Cherry Creek, assuming the Cherry 
Creek is a metasedimentary rock package deposited on an older base­
ment. The d is tinction  between Cherry Creek and pre-Cherry Creek is 
hazy, based prim arily  on the abundance o f garnet, marble, and quart­
z ites  in the Cherry Creek Group and lack of these constituents in the 
pre-Cherry Creek Group.
4. The Dillon (Granite) Gneiss, l ie s  between the Cherry Creek 
Group and the pre-Cherry Creek Group in the central Ruby Range. I t  
consists of pegmatites, a p l i te s ,  and quartzofeldspathic gneisses.
Field data supports interpretations o f both igneous and sedimentary
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parentage fo r these rocks (Garihan and Okuma, 1974; Garihan and 
Williams, 1976; and Garihan, 1979).
Although Precambrian rock associations in d iffe ren t ranges 
of southwestern Montana share sim ilar characteris tics , i t  is dangerous 
to t ry  to corre la te  rock groups across such widely-spaced terranes. 
Therefore, I have not c la ss if ied  metamorphic rocks in the southern 
Highlands in one of the above groups. However, i t  may be useful to 
describe the rock associations without assigning stratigraphie sequence 
to groups in d if fe re n t ranges. The following discussion summarizes 
s im ila r i t ie s  and differences that I recognize between gneisses in the 
study area and those in nearby ranges. Because I have seen Precambrian 
gneisses in only some of the other ranges and these, only b r ie f ly ,  I 
base my comparison on l i te ra tu re  research and on written  and verbal 
communication with other workers indicated below.
Lithologies and Rock Associations
Both rock types and rock associations in the southern Highland 
Mountains are remarkably s im ilar to rocks in other Precambrian terranes 
in southwestern Montana. Quartzofeldspathic gneisses s i l l im a n ite -  
garnet rocks, marbles, iron formation, metapelites, amphibolites, 
anthophyllite gneisses, metabasites, and metamorphosed ultramafic  
rocks described in the southern Highlands include essentia lly  a l l  
major litho lo g ies  in some other areas. Cordua (1973), for instance, 
describes a region in the northern Tobacco Root Mountains consisting
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of quartzofeldspathic gneiss, amphibolite, anthophyllite gneiss, 
aluminous schist, ferriginous gneiss, qu artz ite , garnet gneiss, 
metabasite ,  and metamorphosed ultramafic rock.
Differences between gneisses in the study area and other terranes 
in southwestern Montana include:
1. some litho lo g ies  in other terranes that do not occur
in the Highlands (including a c t in o lite  schists, ch lorite  
schists, ta lc-bearing un its , and metamorphosed pegmatites 
and o p li te s );
2. less extensive outcrops of amphibolite, anthophyllite  
gneiss, s il l im an ite -garnet gneiss, marble, and iron- 
formation in the Highlands than in other terranes with 
s im ila r  rock associations ;
3. a lack of pure quartzites in the Highland study area;
4. the migmatitic appearance o f b io tite -g arnet gneiss in 
the study area is d is t in c tiv e  and d iffe rs  from other 
migmatitic rocks in both the Tobacco Root and Ruby Ranges 
(A l t ,  verbal communication, 1979); and
5. metabasites in the northern Tobacco Root Mountains are 
large and in places crosscut host gneisses (Cordua, 1973) 
whereas metabasites in the study area are quite small and 
are everywhere concordant.
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Structures
Two major trends dominate gneisses in the Precambrian terranes 
of southwestern Montana. A southwesterly-plunging fold-system 
characterizes gneisses in the study area. This fold-system is per­
vasive in the Ruby Range and central and southern Tobacco Root 
Mountains. Dips on fold limbs are less steep in the northwestern 
Highland Mountains than in the study area and ranges fa rther south and 
east.
The northern Tobacco Root Mountains and northeastern Highland 
Mountains each have east-west-trending fold-systems (Duncan, 1976). 
Duncan (1976) claims the two fold systems are genetically unrelated 
and does not specify which is older.
On a smaller scale, gneisses everywhere in the southwestern 
Montana Precambrian terranes exhib it small, is o c lin a l,  s im ila r-s ty le  
fo lds. Many of these folds are interpreted to have formed during high- 
grade regional metamorphism (Duncan, 1976; Okuma, 1971).
Metamorphic Grade
Metamorphic grade is s im ila r  in the Highland, Tobacco Root and 
Ruby Ranges. Maximum metamorphic conditions reached at least the 
s i 111 man1te-muscovite zone of the upper amphibolite facies, and, in 
some cases, the granulite facies (Okuma, 1971; Cordua, 1973; Garihan, 
1973; Hanley, 1975; Bielak, 1978).
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In conclusion, s im ila r i t ie s  between gneisses in part of the 
southern Highland Mountains and nearby ranges strongly imply that 
these rocks are part of one Precambrian metamorphic complex. Because 
I believe these rocks are prim arily sedimentary in origin differences 
such as varying amounts of some litho logies  in d i ffe re n t areas may 
be explained as the resu lt of differences in orig inal sediment source 
or size of a depositional basin, o r , thickening or thinning caused 
by post-depositional tectonics. These differences are minor, as 
pointed out by Wallace Cady, "except that the amphibolites and iron 
formations are less extensive in the Tobacco Roots than in the Rubies 
the rocks as a whole seem quite comparable " (Cady, written communi­
cation, 1979).
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